Abstract. It has been believed that electrons in the inner belt do not show the dynamical variation during magnetic storms except for great magnetic storms. However, Tadokoro et al. (2007) recently disclosed that low-altitude electrons in the inner belt frequently show flux variations during storms (Storm Time inner belt Electron Enhancement at the Low altitude (STEEL)). This paper investigates a possible mechanism explaining STEEL during small and moderate storms, and shows that it is caused not by radial transport processes but by pitch angle scattering through wave-particle interactions. The waves related to wave-particle interactions are attributed to be banded whistler mode waves around 30 kHz observed in the inner magnetosphere by the Akebono satellite. The estimated pitch angle distribution based on a numerical calculation is roughly consistent with the observed results.
Introduction
It is generally believed that energetic electrons in the inner radiation belt are relatively insensitive to magnetic storms, while energetic electrons in the outer radiation belt show huge dynamical variation during storms (e.g., Friedel et al., 2002; Miyoshi et al., 2004; Miyoshi and Kataoka, 2005; Shprits et al., 2008a, b) . A source mechanism of inner belt electrons has been considered to be only the injection from the outer belt at the time of a great magnetic storm (e.g., Bostrom et al., 1970; Gusev et al., 1995; Baker et al., Correspondence to: H. Tadokoro (syougun@pparc.geophys.tohoku.ac.jp) 2004). The principal loss mechanism of electrons in the inner belt is pitch angle scattering due to Coulomb collisions (e.g., Walt and Newkirk, 1966) and wave-particle interactions (e.g., Lyons et al., 1972) . In fact, the regular precipitation of energetic electrons (∼ several tens of keV) in the inner belt has been observed by low altitude satellites (e.g., Imhof et al., 1974; Inan et al., 1982) . Recent articles reported that whistler-induced electron precipitation (WEP) from lightning is a significant inner radiation belt loss process at more than 100 keV (e.g., Rodger et al., 2003 Rodger et al., , 2007 . Thorne (1998a, b, 1999 ) estimated precipitation lifetimes due to wave-particle interactions with plasmaspheric hiss, lightning-generated whistler mode waves, and VLF transmitter sources as well as Coulomb collisions.
There are only a few reports about the responses of inner belt electrons during magnetic storms. Kikuchi and Evans (1989) showed sudden enhancement of low Earth orbit electrons (>30 keV) at the lower L (∼1.3) during a great magnetic storm. Morioka et al. (2001) and Miyoshi et al. (2002) reported that an enhancement of 300 keV electron flux in the inner belt (L∼2) at a NOAA altitude is synchronized with the onset of the outer belt electron decrease during the storm main phase. Datlowe (2006) showed that energy spectra of energetic electrons in the inner belt (L=1.2) have two types: quiet time and storm time spectra corresponding to two different scattering mechanisms during the quiet time and magnetic storm time, respectively. Tadokoro et al. (2007) examined characteristics of Storm Time inner belt Electron Enhancement at the Low Earth orbit (STEEL), especially electrons at L=2.0 where is the outer edge of inner belt at 300 keV electrons as discussed in the paper, during small and moderate magnetic storms (−100 nT<minimum D st <−30 nT), and clarified that the electron flux of the inner belt at a low altitude increases by over one order of magnitude during the main phase of storms, and the duration of the enhancement is approximately 1 day. They focused on small and moderate storms which are not accompanied by injection from the outer belt, and suggested pitch angle scattering in the inner magnetosphere due to wave-particle interactions as a possible mechanism causing STEEL. An unsolved problem is to clarify how wave-particle interactions work to STEEL. In the present study, we investigate an electron scattering process in the inner belt due to wave-particle interactions, and also estimate flux of electron precipitation in order to identify a possible mechanism for STEEL.
Observations
The NOAA 12 satellite was in a sun-synchronous orbit with an inclination of 98 • , an altitude of 815 km, and an orbital period of 102 min. The local times of its ascending and descending nodes were 19.5 h (dusk side) and 7.5 h (dawn side), respectively. The Medium Energy Proton Electron Detector (MEPED) onboard the NOAA 12 satellite measured electron counts in three energy channels (E1: 30-1100, E2: 100-1100, and E3: 300-1100 keV), and proton counts in five energy channels (P1: 30-80, P2: 80-250, P3: 250-800, P4: 800-2500, and P5: >2500 keV). The MEPED is made up to two sensors; one, called the 0 • sensor, that views radially outward along the vector from the Earth to the satellite, and the other, called the 90 • sensor, views in a direction perpendicular to the 0 • sensor. The details of the MEPED are described in Raben et al. (1995) . These sensors sometimes suffer contamination from different energetic particles. Tadokoro et al. (2007) examined the possibility of contamination at STEEL, and concluded that electron flux enhancements at STEEL are not due to contamination. Electron and ion distributions at the NOAA altitude depend on geographic longitude because of the magnetic anomaly caused by the offset of the terrestrial magnetic field. Therefore, observed electrons consist of electrons in the bounce loss cone, the drift loss cone, and the trapped region. Following a method of Blake et al. (2001) , we restrict the data in the drift loss cone and in the trapped region to geographic longitude ranging from 180 • to 280 • in the Northern Hemisphere, and from 180 • to 250 • in the Southern Hemisphere, and from 300 • to 50 • in the Southern Hemisphere (South Atlantic Anomaly). The electrons in these selected regions are almost insensitive to the anomaly of geomagnetic fields and have approximately the same inner belt flux level.
The Akebono (EXOS-D) satellite was launched in 1989 into a quasi-polar orbit with an inclination of 75 • , an orbital period of 212 min, and an initial perigee and apogee of 274 km and 10 500 km. The Plasma Wave and Sounder Experiment (PWS) onboard the Akebono satellite detects electric fields in the frequency range from 20 kHz to 5.12 MHz (Oya et al., 1990) . The Very Low Frequency Plasma Wave Detector (VLF) detects electric and magnetic fields in the frequency range from 3.16 Hz to 17.8 kHz (Kimura et al., 1990) . The Electric Field Detector (EFD) measures DCelectric fields using double probe method (Hayakawa et al., 1990) . Figure 1a shows the L-t diagram of the 2hr-averaged electron flux at 300-1100 keV in the drift loss cone during the period from day 67 to day 76 of 1989. STEEL (red circle) appears in the inner belt (2<L<2.5) during the main phase of the day 68 storm whose D st minimum reached −101 nT. Note that STEEL is not clear at the day 72 great storm which reached the D st minimum of −589 nT, because the violent injection may prevent identifying STEEL. One of the possible mechanisms explaining STEEL would be radial transport processes from the slot region to the inner belt by both large convective electric fields and radial diffusion. The strong gradient of a phase space density at great storm may produce the fast radial transport. Thus, it may be expected that the strong convective electric field causes STEEL. Therefore, we first investigate the radial transport process under strong convective electric fields. Figure 1b shows the variation of convective electric fields at the magnetic equator during the same period with Fig. 1a . Using similar method of Mozer (1970) , we converted the electric fields observed by the Akebono satellite to values of convective electric fields at the magnetic equator. Positive and negative electric fields mean dawn-dusk electric fields and dusk-dawn electric fields, respectively. The purple line in Fig. 1a indicates the inner edge of the outer belt. Here, the inner edge is defined as the location of more than 10 000 (cm 2 s str) of electron flux at 300 keV. It can be seen that the location of inner edge of the outer belt concurrently varies with the strong convective electric fields, that is, the strong convective electric fields invade into the inner belt (around L∼2) with injection of outer belt electrons during the day 72 great storm, while the fields do not invade into the inner region at the day 68 storm. The strong convective electric fields more than 3 mV/m were not observed in the inner belt at the STEEL of the day 68 storm. Thus, we can conclude that the variations of convective electric fields do not always affect the STEEL.
Results and discussion

Radial transport process
Plasma wave activity during STEEL
Another possible mechanism for STEEL would be the stormtime precipitation of the trapped electrons from the inner belt. In this section, we examine the pitch angle scattering of the trapped electrons through wave-particle interactions. A typical example of STEEL in the drift loss cone during the period from day 306 to day 316 of 1993 is shown in Fig. 2a . Figure 2b and c indicate the K p and D st indices, respectively. The storm on day 307-308 was a storm which had the minimum D st value of −119 nT. In order to investigate wave-particle interactions during STEEL, we examined STEEL event and related plasma wave spectra. Dynamic spectra of plasma waves observed by the Akebono satellite at the dawn side are illustrated in Figs strument in the frequency range from 20 to 800 kHz, and the middle and bottom panels show the wave electric and magnetic field spectrograms in the frequency range from 3.16 Hz to 17.8 kHz observed by the VLF instrument. The black line in the top panel shows the local electron cyclotron frequency (f ce ). During the quiet time (Fig. 3) , waves are rather inactive. The banded emissions at several hundred kHz as seen in the top panel of The location of plasmapause in Fig. 4 can be determined to be L=2.4 (red arrow on the top of Fig. 4a) , where the UHR frequency shows sudden decrease. Broad band electrostatic noise (BEN) is measured beyond L∼6.6. Strong chorus emissions and associated bursty electrostatic waves whose upper frequency exceed the UHR frequency are observed outside of the plasmapause (L=2.4-6.4). These chorus emissions are considered to contribute to the acceleration of electron flux in the outer belt (e.g., Miyoshi et al., 2003; Li et al., 2007) . Note that strong "banded-emissions" in the frequency range from 15 to 30 kHz are detected in the inner belt region (pink circle in Fig. 4a and b) in the storm main phase. We notice that these emissions in the plasmasphere have not been reported except for Kobayashi (1997) . The wave magnetic field intensities of these banded whistler mode waves are estimated to be over 10 pT. These banded whistler mode waves are typical in the plasmasphere and different from chorus emissions which appear outside the plasmapause (e.g., Horne et al., 2005; Miyoshi et al., 2007) . Another typical example of the banded whistler mode waves at the day 101 of 1997 is shown in Fig. 5 . The minimum D st value on that day was −82 nT. The characteristics of the banded whistler mode waves are band-type spectra and shows sometimes frequency drift. Therefore, it is apparent that these banded whistler mode waves are natural generated whistler mode waves that can be distinguished from VLF transmitters. Plasmaspheric hiss emissions, which are broadband whistler mode emissions with peak spectral intensity at a few hundred Hz (e.g., Thorne et al., 1973; Meredith et al., 2004; Bortnik et al., 2008) , are commonly detected in the inner belt as seen in Fig. 4c (05:30-05:36 UT). The frequency of these plasmaspheric hiss emissions is quite different from that of the banded whistler emissions. 
Statistical analysis of banded whistler mode waves
In order to clarify storm-time characteristics of whistler mode emissions, Fig. 6 shows a superposed epoch analysis for 37 storms during the period when the wave data in the inner belt were available from 1992 to 1994. The selected storms are small and moderate storms (D st =−30 nT ∼−100 nT): small and moderate storms are defined as minimum D st of −30 to −100 nT in Tadokoro et al. (2007) . The zero epoch is taken to be the minimum D st . The analyzed frequency range of whistler mode emissions is 25-33 kHz. It should be noted that, in this analysis, the waves in 25-33 kHz include not only the banded whistler mode waves of interest but also VLF transmitters, various electrostatic waves, and BEN at the higher L-region. The superposed epoch analysis shows that the wave intensity at the dawn side increases in the low L-region (<4) during the main phase, and the enhanced wave activity lasts for about 1 day. In the recovery phase, the wave activity in the lower L-region increases at the dusk and noon sides. The waves observed in the low Lregion probably include the banded whistler mode waves as shown in Figs. 5 and 6. Comparing to the characteristics of STEEL by Tadokoro et al. (2007, Fig . 4 ), the start time and duration of STEEL almost consistent with those of the wave intensity increase. The whistler mode wave activity in the inner and the outer belt at a few tens of kHz was first reported by Kobayashi (1997) . The report showed that intensities of such whistler mode waves observed by the PWS/Akebono increase during a storm, and clarified the characteristics of the latitudinal distribution of the whistler mode waves as shown in Fig. 7 (private communication with Kobayashi) . Figure 7 indicates a meridian distribution of the waves in the frequency range from 24 to 34 kHz during the period from 1989 to 1995. BENs are detected in the higher magnetic latitudes. Note that the enhanced wave activity is detected in the mid-latitudes from L∼2 to ∼3, which are the banded whistler mode waves.
From the above investigation, it is expected that STEEL is possibly related with the enhancement of the banded whistler mode waves, and caused by pitch angle scattering through wave-particle interactions. In the next section, we investigate this possibility of wave-particle interactions by the numerical calculations.
Numerical calculation
In order to investigate the possibility that the observed STEEL is caused by the pitch angle scattering, we examine the time evolution of pitch angle distribution of inner belt electrons during a storm. Pitch angle diffusion coefficients for Landau (n=0) and cyclotron resonances (n=±5) are calculated following a previous model by Albert (1999) . The bounce-averaged relativistic quasi-linear diffusion equation is given (e.g., Lyons et al., 1972) , as where f is the zero-order spatially uniform particle distribution, p is the momentum, D αα is the bounce averaged pitch angle diffusion coefficient, α eq is the equatorial pitch angle, and T (α)≈1.30−0.56 sin α eq is given by Hamlin et al. (1961) . Figure 8 illustrates the calculation procedure. The left panels show the schematic meridional distribution of the banded whistler mode waves and an electron drift trajectory during a drift period. We calculate Eq. (1) during one drift period by using the wave characteristics observed during the storm main phase. The drift period of a 300 keV electron along L=2.0 is estimated to be about 1 h under the consideration for a dipole magnetic field and co-rotational electric field. The statistical result in Fig. 6 shows that the banded whistler mode waves appear only at the dawn sector (from 03:00 to 09:00 LT) during the main phase. This means that drifting electrons experience pitch angle scattering over a quarter of one drift path. Following the observation as shown in Fig. 7 , we assume that the banded whistler mode waves distribute from 15 • to 35 • magnetic latitudes in both hemispheres. The schematic panels in the right of panel. The numbers in the right panels correspond to those of the bottom left panel. The solid green, blue, and brown lines in the right panels indicate the bounce loss cone angle, drift loss cone angle (22.5 • ), and maximum equatorial pitch angle (25.1 • ) observed by the NOAA 12 altitude, respectively. We used a constant bounce loss cone angle of 17 • although the angle depends on longitudes, and we derived the drift loss cone, bounce loss cone, and maximum equatorial pitch angles from magnetic fields and pitch angles at the magnetic equator and mirror altitude. The brown color region in the right panels of Fig. 8 shows pitch angle region with stably trapped electrons which are observed only at the South Atlantic Anomaly (SAA) region by NOAA. The calculation starts from the meridian of just east of the SAA (point 1) and ends at the point 5 via point 2, 3, and 4 along the electron drift trajectory. At the point 1 electrons in the drift loss cone precipitate into the atmosphere as illustrated in the right panel of Fig. 8 when they pass over in the SAA region. The electrons around the point 2 do not suffer any pitch angle scattering because of no banded whistler mode waves there. The electrons at the point 3 encounter the banded whistler mode waves and begin to suffer the pitch angle scattering. Some electrons diffuse from the trapping distribution (brown color region in the right panel in Fig. 8 ) to the drift loss cone distribution (pink color region in the right panel in Fig. 8 ) as the result of the pitch angle scattering. As long as the electrons pass through the region of the banded whistler mode waves, the electrons continue to suffer pitch angle scattering and diffuse into the drift loss cone. The electrons in the drift loss cone accumulate as the result of such pitch angle scattering, and precipitate into the atmosphere again when they return to the SAA at the point 5. Thus, it is expected that the amount of electrons in the drift loss cone that are precip- itating into the atmosphere would correspond to the STEEL observed by NOAA. Figure 9 indicates the bounce averaged pitch angle diffusion coefficients of 300 keV electrons for various whistler mode waves at L=2.0, NOAA altitude. The green, blue, and pink lines correspond to the calculated coefficients for the banded whistler mode waves of interest at 30 kHz in this study, and VLF transmitters at 17.1 kHz and 22.3 kHz, respectively. Wave propagation angle, width of propagation angle, and wave amplitude for each wave are taken to be 45 • , 22.5 • , and 10 pT, respectively. These parameters of plasmaspheric hiss, VLF transmitters are based on those of Meredith et al. (2007) and Thorne (1998a, b, 1999) , respectively. The bandwidth of the banded whistler mode waves is set to be 30 kHz based on the observational data. Plasmaspheric hiss emissions in Fig. 9 are not shown because they do not have pitch angle diffusion coefficients for 300 keV electrons at L=2 as suggested by Meredith et al. (2007) . On the other hand, the banded whistler mode waves and VLF transmitters show the significant diffusion coefficients around the loss cone. Although whistler mode waves from the VLF transmitters can resonate with electrons, they are not likely to cause the time variation of STEEL because intensities of VLF transmitters are stable and does not depend on storm activity. Therefore, STEEL can be concluded to be caused by pitch angle scattering due to the banded whistler mode waves.
Lightning-generated whistler mode waves are also filled in the plasmasphere and have an important role in the loss processes of inner belt electrons (Blake et al., 2001; Rodger et al., 2003 Rodger et al., , 2004 Rodger et al., , 2007 . However, it is unlikely that theses whistler mode waves always appear in the inner radiation belt during a storm as discusses in this study. Therefore, we do not discuss lightning-generated whistler mode waves any more.
We examine the observation by comparing the ratio of the amount of electron flux at 300 keV, L=2 in the drift loss cone to that in the trapping region after one drift period (1 h). The ratio obtained from observation was 1:10 (not shown). Figure 10 exhibits calculated pitch angle distributions during one drift period for the cases of rather strong wave amplitudes of 30, 50, 70, and 100 pT since the observed wave amplitudes were much greater than 10 pT. The horizontal axis indicates the equatorial pitch angle from 17 • to 30 • . The initial distribution is adopted to that of the 341 keV electron flux observed by the CRRES satellite at the quiet time (light blue line). Note that the electron flux is normalized at an equatorial pitch angle of 30 • . We assume that electrons at 17 • and 22.5 • (equatorial pitch anlge) precipitate into the atmosphere during one bounce period, and one drift period, respectively, that is, electrons in the drift loss cone have loss rates due to interaction with the atmosphere. These loss rates in the drift loss cone are interpolated from the loss rates of 17 • and 22.5 • . The dashed red and purple lines show the maximum equatorial pitch angle observed by NOAA and the drift loss cone angle, respectively. The electron flux below the drift loss cone angle is set to be zero at the calculation start time (point 1 in Fig. 8 ) because of loss into the atmosphere above the SAA. The solid lines indicate the calculated pitch angle distributions after one drift period for various wave amplitudes. The electron flux with the pitch angle greater than the drift loss cone angle is almost constant after one drift period. This suggests that the loss of the trapped electrons is small. On the other hand, electron flux in the drift loss cone after one drift period increases significantly with increasing of wave amplitudes. The calculated ratios of electron flux in the drift loss cone to that in the trapping region are 1:21.2, 1:12.0, 1:8.0, and 1:5.2 for the wave amplitudes of 30, 50, 70, and 100 pT. These wave amplitudes have same order as the observed wave amplitudes (over 10 pT as referred to above). With regard to the calculated ratios, 50-70 pT are roughly consistent with the observational result (1:10 as referred to above). Estimated lifetime of electrons at 300 keV, L=2 using the estimated coefficients with a wave amplitude of 100 pT are approximately 200 days. This lifetime is almost comparable with combination among whistler mode hiss, lightning whistler and VLF transmitter (Fig. 10 of Abel and Thorne, 1998a) , so that it is expected that the banded-whistler mode waves have large impact of distribution of radiation belt electrons.
Summary
We have examined Storm Time inner belt Electron Enhancement at the Low altitude (STEEL) reported by Tadokoro et al. (2007) . Radial transport process by convective electric fields was excluded as the mechanism of the STEEL since strong fields are not observed at the region of STEEL during storms. In order to examine the possibility of pitch angle scattering due to wave-particle interactions, we have clarified the observed relation between the electron flux enhancement and the plasma wave intensity. Intense plasmaspheric hiss and the banded whistler mode waves (∼30 kHz) are observed by the PWS/Akebono in the inner belt during STEEL. The calculated diffusion coefficients indicated that the resonance is possible with the banded whistler mode waves. The banded whistler mode waves appear with strong intensity in the main phase at the dawn side, and last for about 1 day. This start time and duration of the banded whistler mode waves are almost consistent with those of STEEL. Based on these evidences, we concluded that STEEL is caused by the pitch angle scattering through wave-particle interactions with the storm time banded whistler mode waves. Furthermore, we have calculated the time evolution of pitch angle distribution through wave-particle interactions with the banded whistler mode waves with amplitude of several tens of pT over one drift period. The estimated result of the ratio of electron flux in the drift loss cone to that in the trapping distribution is roughly consistent with the observed results.
